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H I G H L I G H T S
• A CH3NH3PbI3-xClx:ZnO bulk hetero-
junction exits in the perovskite solar
cell.
• ZnO nanoparticles improve light har-
vesting eﬃciency of perovskite solar
cell.
• ZnO nanoparticles lead to the forma-
tion of large-size perovskite crystals.
• ZnO nanoparticles improve con-
ductivity and electron mobility of
perovskite ﬁlm.
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A B S T R A C T
Zinc oxide (ZnO) as an electron transport material has been used in regular planar perovskite solar cells (PSCs).
Herein, ZnO nanoparticles serve as an additive directly in perovskite active layer in order to fabricate a bulk-
heterojunction inverted planar PSC. The CH3NH3PbI3-xClx:ZnO bulk heterojunction is prepared by mixing ZnO
nanoparticles into CH3NH3PbI3-xClx precursor solution. ZnO nanoparticles act as catalytic centers and induce the
growth of perovskite grains leading to the formation of large-size perovskite crystals. Remarkably, hysterysis-
free power conversion eﬃciency of 17.26% is achieved when precisely control the concentration of ZnO na-
noparticles in CH3NH3PbIxCl3-x:ZnO bulk heterojunction active layer. The presence of ZnO nanoparticles in the
perovskite ﬁlms enhances the conductivity and electron mobility. Eﬃcient charge injection of CH3NH3PbIxCl3-
x:ZnO ﬁlm can improve charge extraction in the PSCs. Moreover, the PSCs with CH3NH3PbIxCl3-x:ZnO bulk
heterojunction exhibit high ﬁll factor of 77.3% and short current density of 22.71 mA cm−2, which is attributed
to improved perovskite quality. The bulk heterojunction structure is fabricated by combining perovskite and
metal oxides, which is of great importance to the development and commercialization of PSCs in the future.
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1. Introduction
The limited supply and hazards of non-renewable energy resourses
made it clear indication that for sustainable environment have to switch
to the renewable energy resources such as solar energy. Solar cells can
convert solar energy into electricity, which became a hotspot in the
ﬁeld of renewable energy [1–3]. Researcher committed on exploring
the photovoltaic devices with low cost and high eﬃciency. Since 2009,
Organic-inorganic metal halide based perovskite solar cells (PSCs) have
aroused wide scientiﬁc concern [4], as its power conversion eﬃciency
(PCE) has reached 22.7% in just a few years of time [5]. PSCs have
rapidly become one of the hotspots in the research due to its char-
acteristics of high eﬃciency, low cost and simple preparation [6–9].
Perovskite material has many advantages over others, such as strong
absorbance, appropriate band gap and bipolar carrier transport
[10–13]. Due to all above reasons, PSCs are now on the verge of
commercialization. The device structure of PSCs generally can be di-
vided into two types, namely typical mesostructure and planar het-
erojunction structure. The planar heterojunction structure is a “sand-
wich structure” between n-type material and p-type material [14,15].
The n-type material and the p-type material respectively serve as an
electron transport layer (ETL) and an hole transport layer (HTL). The
planar heterojunction PSCs can also be classiﬁed into two types: regular
n-i-p conﬁguration (ETL/Perovskite active layer/HTL), and inverted p-
i-n conﬁguration (HTL/Perovskite active layer/ETL) [16,17]. With the
advantages of low-temperature preparation and sharply-reduced hys-
teresis and reduced thickness of active layer the inverted planar het-
erojunction PSCs has been regarded as one of the most potential as-
sembly for commecialization [18,19]. However, much work remains to
be done to promote the commercialization of PSCs, such as minimizing
toxicity, improving stability and enhancing carrier extraction eﬃ-
ciency, etc [20,21].
Zinc oxide (ZnO) is one of the most electron-selective materials and
electron transport materials used in regular planar heterojunction PSCs
this is because ZnO possesses a low band position and high electron
mobility [22]. Moreover, ZnO is also able to form various nanos-
tructures under diﬀerent preparation conditions, such as nanoparticles,
nanowires and nanorods [23]. Until now, the PCE of PSCs with ZnO ETL
has exceeded 16%, due to eﬃcient charge extraction and carriers
transport of ZnO material [24,25]. Particularly, ZnO nanoparticles play
an important role as an ETL material of PSCs. Although ZnO has been
used in inverted planar PSCs [26,27], an issue of the application of ZnO
in inverted planar heterojunction PSCs has not been studied deeply. For
this reason, this study paved a new route to prepare an inverted plane
PSC with CH3NH3PbI3-xClx:ZnO bulk heterojunction via blending ZnO
nanoparticles with CH3NH3PbI3-xClx precursor solution. The purposes
of the work are to prepare perovskite ﬁlms with high performance by
adding ZnO nanoparticles and to enhance electron transporting prop-
erties of cells by forming CH3NH3PbI3-xClx:ZnO bulk heterojunction.
The perovskite ﬁlm with large grain is obtained by adding ZnO nano-
particles appropriately. At the same time, the photoelectric properties
of the device has signiﬁcantly improved. The conductivity and electron
mobility of the CH3NH3PbI3-xClx:ZnO ﬁlm is better than that of
CH3NH3PbI3-xClx ﬁlm. As a result, a maximum PCE of 17.26% with an
open circuit voltage (VOC) of 0.98 V, a short circuit current density (JSC)
of 22.71mA cm−2, and a ﬁll factor (FF) of 77.3% has been achieved.
2. Experiments
2.1. Materials and preparation
ZnO nanoparticles were purchased from Shanghai Chemical
Industry Co. Poly (3, 4-ethylene dioxy-thiophene)–poly (styrene sulfo-
nate) (PEDOT:PSS) was bought from Heraeus (Germany). Phenyl-C61-
butyric acid methyl ester (PCBM) and 4, 7-Diphenyl-1, 10-phenan-
throline (Bphen) were produced in Nichem Fine Technology Co., Ltd.
(Taiwan). CH3NH3I was synthesized by CH3NH2 and HI, according to
the previously reported procedure [28]. PCBM solutions and Bphen
solutions were prepared according to methods mentioned above [29].
The ZnO solution was manufactured by dissolving ZnO nanoparticles
into DMF in varying proportions and stirring the mixture for 12 h. As
shown in Fig. S1, with the increase in amount of ZnO, the color of
mixed DMF solvent gradually turns white. CH3NH3PbI3-xClx precursor
solution was fabricated by solubilizing CH3NH3I and PbCl2 in DMF
solvent with a molar ratio of 3:1 [30,31] and stirring the compound at
60 °C for 12 h.
2.2. Fabrication of the device
Indium tin oxide (ITO) coated glass (Fine Chemicals Industry Co.,
10Ω sq−1) was etched and cleaned according to methods mentioned
above [32], PEDOT:PSS ﬁlm was spin-coated onto the ITO substrate at
4500 rpm for 40 s and then annealed at 140 °C for 20min. The
CH3NH3PbI3-xClx precursor solution was spin-coated onto the PED-
OT:PSS ﬁlm at 4000 rpm for 40 s in a N2 glove box. The annealing of
wet perovskite ﬁlms was carried out by adopting a typical gradient
increased temperature method [33–35]. Then, PCBM solution and
Bphen solution were deposited by spin-coating at 2000 rpm for 40 s.
Finally, Ag ﬁlm was thermally deposited under vacuum at
4.5×10−4 Pa through a shadow mask.
2.3. Characterizations
The surface morphology of perovskite ﬁlms and section morphology
of PSC were characterized by a ﬁeld emission scanning electron mi-
croscope (FESEM) (Quanta 200 FEG, FEI Co.). Energy dispersive spec-
troscopy was conducted through the EDS device connected to FESEM.
The TEM images of ZnO nanoparticles and perovskite crystals are
measured by an FEI Talos (S) transmission electron microscopy (TEM)
at 200 kV. The steady-state and time-resolved steady-state photo-
luminescence (PL) were measured by using an Edinburgh FLS980
ﬂuorescence spectrophotometer with an excitation at 400 nm. The
crystalline phase and X-ray diﬀraction (XRD) patterns of perovskite
ﬁlms were recorded on a Rigaku D/MAX-2400 diﬀractometer. UV–Vis
absorption and reﬂection spectra measurements of perovskite ﬁlms
were carried out by using Shimadzu UV-2550 spectrometer. The ca-
pacitance-voltage (CeV) characteristics were performed by Agilent
4284 A LCR Meter. X-ray photoelectron spectroscopy (XPS) was mea-
sured via AXIS Ultra instrument (Kratos UK). The current density-vol-
tage (J-V) curves were measured (2400 Series Source Meter, Keithley
Instruments) under simulated Air-Mass (AM) 1.5 sunlight at
100mW cm−2 (Newport, Class AAA solar simulator, 94023A-U). The
incident-photon-to-current eﬃciency (IPCE) measurement was per-
formed by adopting a system composed of xenon lamp, mono-
chromator, chopper, lock-in ampliﬁer and calibrated silicon photo-
detector.
3. Results and discussion
Fig. 1a represents the schematic crossection of fabricated p-i-n
planar perovskite solar cell with device conﬁguration of ITO/PED-
OT:PSS/CH3NH3PbI3-xClx: ZnO (300 nm)/Bphen/Ag. The associated
cross-section FESEM image of the device with CH3NH3PbI3-xClx:ZnO
bulk heterojunction has been represented in Fig. 1b. PEDOT:PSS is se-
lected as an HTL due to its eﬃcient charge extraction [36]. Bphen is
served as the modiﬁcation layer becasue it can make the Ag cathode
interface ﬂat and smooth [37].
3.1. Photovoltaic performance of devices
The ZnO nanoparticles are mixed with CH3NH3PbI3-xClx precursor
solutions in varying proportions in order to ﬁnd the optimal proportion
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for improved performance of solar cells. Fig. 2a shows the performance
of CH3NH3PbIxCl3-x:ZnO active layer-based PSCs obtained with dif-
ferent concentrations of ZnO nanoparticles (0, 0.5, 1, 1.5 and
2mgmL−1) in CH3NH3PbI3-xClx precursor solutions under AM 1.5 G
conditions (100mW cm−2). The photovoltaic performance parameters
of devices are represented in Table S1. The reference device based on
CH3NH3PbI3-xClx precursor solutions without ZnO nanoparticles ex-
hibited a PCE of 12.63% with VOC of 0.93 V, JSC of 19.87mA cm−2 and
FF of 68.7%. The performance of cell is heavily dependent on the
amount of ZnO nanoparticles added. Under the condition of ZnO con-
centration of 1.5mgmL−1, the best cell performance with PCE of
17.26%, VOC of 0.98 V, JSC of 22.71mA cm−2 and FF of 77.3% has been
achieved. In order to analyze the hysteresis behavior of devices, the
devices are measured by applying a forward and reverse bias at a scan
rate of 0.01 V/s. The hysteresis curves of devices with CH3NH3PbIxCl3-x
and CH3NH3PbIxCl3-x:ZnO (1.5mgmL−1) ﬁlm have been shown in
Fig. 2b. Compared with the device with CH3NH3PbIxCl3-x ﬁlm, the de-
vice with CH3NH3PbIxCl3-x:ZnO (1.5mgmL−1) ﬁlm show a weaker
hysteresis. To further conﬁrm the reliability of PSCs with ZnO nano-
particles, the steady-state photocurrent and eﬃciency is measured at
the maximum power point (0.80 V) and shown in Fig. 2c. The steady-
state JSC of 22.67mA cm−2 and PCE of 17.22% are very close to the
value obtained from the J–V curve measurements, suggesting that the
photocurrent hysteresis of the cells can be suppressed by inserting ZnO
nanoparticles. Fig. 2d shows the histograms and Gaussian distributions
of PCE parameters based on 60 cells with CH3NH3PbIxCl3-x:ZnO
(1.5mgmL−1) and without ZnO have been researched respectively.
The relative standard deviation of cells with CH3NH3PbIxCl3-x:ZnO
Fig. 1. (a) The schematic illustration and (b) the cross-section FESEM image of the PSC device with CH3NH3PbIxCl3-x:ZnO ﬁlm.
Fig. 2. (a) The J–V curves of cells with CH3NH3PbIxCl3-x:ZnO (0, 0.5, 1, 1.5 and 2mgmL−1) ﬁlms. (b) The J–V curves (reverse and forward) of cells with
CH3NH3PbIxCl3-x:ZnO (1.5 mgmL−1) and CH3NH3PbIxCl3-x ﬁlms. (c) The steady-state photocurrent and eﬃciency are measured at the maximum power point
(0.80 V) of cell with CH3NH3PbIxCl3-x:ZnO ﬁlm. (d) The histogram of PCEs of 60 cells with CH3NH3PbIxCl3-x:ZnO (1.5mgmL−1) ﬁlms. Inset: the histogram of PCEs of
60 cells with CH3NH3PbIxCl3-x ﬁlms.
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(1.5 mgmL−1) is lower than that of ones with CH3NH3PbIxCl3-x (inset),
indicating that the reproducibility of the former is better. The long-term
stability of the PSCs with CH3NH3PbIxCl3-x and CH3NH3PbIxCl3-x:ZnO
(1.5 mgmL−1) is tested and shown in Fig. S2. The devices with
CH3NH3PbIxCl3-x:ZnO (1.5mgmL−1) ﬁlm still maintains a 16.86% of
PCE after 960 h degradation, which is more than 97% of the initial PCE
value. However, the PCE of the devices with CH3NH3PbIxCl3-x ﬁlm just
maintains 86% of the initial one. It can be speculated that the excellent
stability of PSC with CH3NH3PbIxCl3-x:ZnO (1.5mgmL−1) ﬁlm is at-
tributed to dense perovskite ﬁlm.
A remarkable improvement in the performance of PSCs with ZnO
nanoparticles is partly because of a marked increase in the current
density. As shown in Fig. S3, The IPCE spectra measurement of PSCs
with CH3NH3PbIxCl3-x ﬁlm and CH3NH3PbIxCl3-x:ZnO (1.5mgmL−1)
ﬁlm has been conducted to clearly reveal the increase in current den-
sity. The cell with CH3NH3PbIxCl3-x:ZnO (1.5mgmL−1) shows higher
IPCE intensity, and a progressive enhancement in nearly entire visible
light range can be observed. The JSC of 22.57mA cm−2 is calculated via
IPCE intensity of the cell with CH3NH3PbIxCl3-x:ZnO (1.5 mgmL−1),
which is very consistent with the JSC of 22.71mA cm−2 obtained from
the J–V curve. Light harvesting eﬃciency of cells has a positive corre-
lation with the absorption value of perovskite ﬁlms. As shown in
Fig. 3a, the CH3NH3PbIxCl3-x and CH3NH3PbIxCl3-x:ZnO (1.5mgmL−1)
ﬁlms show slightly diﬀerent light absorption, according to the UV–vis
measurement results. Apparently, perovskite ﬁlm with 1.5 mgmL−1
ZnO demonstrates a higher absorption in the visible light range of
300–800 nm. Moreover, when the perovskite ﬁlm is covered with a
layer of Ag ﬁlm, the light absorption of CH3NH3PbIxCl3-x and
CH3NH3PbIxCl3-x:ZnO (1.5mgmL−1) ﬁlms shows a large diﬀerence.
Fig. 3b shows the absorption spectrum and reﬂectance spectrum of ZnO
nanoparticles. It is known that ZnO has a high light absorption in the
wavelength range less than 400 nm [38]. Therefore, the improved light
absorption of the perovskite ﬁlm with ZnO nanoparticles over the entire
wavelength band is not only the contribution of light absorption by ZnO
but also improved perovskite ﬁlm. At the same time, Fig. 3b shows
clearly that ZnO has a high reﬂectance in the wavelength range of
400–800 nm. As demonstrated in Fig. 3c, the promoting eﬀect of ZnO
nanoparticles on the absorption of perovskite ﬁlm can come from two
aspects. 1) ZnO nanoparticle acts as reﬂection centers. When sunlight
reaches the perovskite layer, the light reﬂected by the ZnO can be ab-
sorbed by the surrounding perovskite. 2) The back contact reﬂector is
made of ZnO nanoparticles and Ag ﬁlm, leading to an increased ab-
sorption in the perovskite ﬁlm [39]. It is observed that the moderate
ZnO nanoparticles in the perovskite ﬁlm play an important role in
improving light harvesting eﬃciency of cell [40]. On the contrary, an
excess of ZnO nanoparticles would be detrimental to the crystallization
of perovskites, resulting in a poor light absorption and low current
densities. What's more, the band gap (Fig. S4) of the ﬁlm is obtained by
according to the absorption spectrum in Fig. 3a. When a small amount
of ZnO nanoparticles are added to the perovskite ﬁlm, no signiﬁcant
change is found in the absorption spectrum. It is possible that a small
amount of ZnO nanoparticles does not change the crystal structure of
the perovskite, which is consistent with the results of the XRD pattern
mentioned below.
3.2. The performance of CH3NH3PbI3-xClx:ZnO ﬁlm
The performance of PSCs has been enhanced by optimizing per-
ovskite ﬁlm. The surface morphology FESEM images of perovskite ﬁlms
with diﬀerent ZnO concentrations are represented in Fig. 4a–h. The
statistical results of perovskite grain size are shown in Fig. S5. It is seen
that the size of the perovskite crystal grains gradually increases with the
ZnO concentration. The average grain sizes of the perovskite crystals
with diﬀerent ZnO concentrations respectively are 1.38 μm
Fig. 3. The absorption spectra of CH3NH3PbIxCl3-x ﬁlm and CH3NH3PbIxCl3-x:ZnO ﬁlm (1.5mgmL−1) (b) The absorption spectrum and reﬂectance spectrum of ZnO
nanoparticles. (c) The Schematic illustration of function that the light absorption of the perovskite ﬁlm is promoted by the ZnO nanoparticles.
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(0 mgmL−1), 1.49 μm (0.1mgmL−1), 1.89 μm (0.2 mgmL−1), 2.27 μm
(0.5 mL−1), 2.43 μm (1mgmL−1), 2.58 μm (1.5mgmL−1), 2.82 μm
(2mgmL−1), 2.88 μm (5mgmL−1), respectively. The larger perovskite
grains are capable of avoiding the energy loss in the photovoltaic
process, leading to a high VOC [41–43]. The changes in the perovskite
ﬁlm morphology can be attributed to the polarity of ZnO. The dipole
moments of ZnO and CH3NH3 are 6.01 D and 2.29 D respectively,
which could be evaluated via the Gaussian [44]. Because ZnO has a
larger dipole moment than CH3NH3, moderate ZnO nanoparticles can
eﬀectively facilitate the assemblage of monomer and polymer [45,46].
What's more, previous report has also shown that appropriate amount
of ZnO nanoparticles can improve the morphology of the perovskite
ﬁlm [47]. However, an excess of ZnO nanoparticle makes perovskite
ﬁlm produce large voids, resulting in a poor device performance. In
addition, the grain growth mechanism of perovskite ﬁlm with ZnO
nanoparticles might be similar to the perovskite with V2Ox or TiO2
[29,48]. ZnO nanoparticles with the size of 30–50 nm have been re-
ported to help obtain high-quality perovskite ﬁlms [49]. ZnO nano-
particles dispersed in perovskite precursor solution provide some nu-
cleation sites, accelerating grain growth of the perovskite [50]. The
continuous growth of small grains and migration of the crystal
boundaries lead to a gradual increase in grain size [51].
The XRD patterns of CH3NH3PbIxCl3-x:ZnO (0.5, 1, 1.5 and
2mgmL−1) ﬁlms on the ITO/PEDOT:PSS substrates have been mea-
sured to further analyze the role of ZnO nanoparticles in perovskite
ﬁlm. As shown in Fig. S6a, two strong diﬀraction peaks corresponding
to (110) and (220) planes have been observed at 2θ=14.14° and
28.48° respectively [28,52]. Table S2 gives a detailed description of the
diﬀraction intensity and the full width of half maximum (FWHM) of
two diﬀraction peaks. It is clearly evident that the intensity of diﬀrac-
tion peaks becomes stronger with the augment in ZnO concentration,
implying that the overall crystallinity of the perovskite phase has been
increased signiﬁcantly. At the same time, the FWHM of diﬀraction
peaks decline gradually with the increase in ZnO concentration. The
smaller FWHM of diﬀraction peaks, the larger grains of peovskite will
be, which is very consistent with the results shown in FESEM (Fig. 4).
The positions of diﬀraction peaks can hardly be changed in the XRD
pattern, suggesting that the crystal structure of perovskite is steady and
well-preserved. It is worth noting that the diﬀraction peaks of ZnO do
not exist in the XRD patterns of perovskites ﬁlms, comparing the XRD
patterns of ZnO nanoparticles (Fig. S6b). The amount of ZnO nano-
particles are too few to be detected, compared to the crystallite sites of
CH3NH3PbI3-xClx.
The XPS is employed to further understand the relation of ZnO
nanoparticles to the improved crystallization of perovskite ﬁlms. The
XPS spectra of CH3NH3PbIxCl3-x:ZnO ﬁlms (0.5, 1, 1.5 and 2mgmL−1)
are measured. As shown in Fig. S7, two peaks at the binding energy of
1044.1 eV and 1021.1 eV are corresponding to the 2p1/2 and 2p3/2
doublets of Zn respectively. The position of the 2p1/2 and 2p3/2 doublets
of Zn in the perovskite ﬁlm is the same as that of in ZnO nanoparticles.
Furthermore, there is no signiﬁcant changes in binding energy positions
of Zn in the perovskite ﬁlms with diﬀerent ZnO concentrations. The
peak intensity boosts with the ZnO concentration, demonstrating that
ZnO does exist in the perovskite ﬁlm. In addition, the energy dispersive
spectroscopy (EDS) analysis has been performed on the CH3NH3PbIxCl3-
x:ZnO (1.5 mgmL−1) ﬁlm on the Glass/ITO/PEDOT:PSS. The surface
and cross-section FESEM images with elemental mappings, and EDS
spectrum are shown in Fig. 5a–e. As expected, an additional signal of Zn
element has been observed in the EDS spectra. The signals of the other
elements presumably derive from the glass, ITO and ZnO, including Ca,
Na, Mg, Si and O element. The distribution of Zn element is uniform
both in the surface mappings and the cross-section ones, which man-
ifests that the ZnO nanoparticles are evenly distributed in the per-
ovskite ﬁlm.
Fig. 4. The FESEM images of perovskite ﬁlms with diﬀerent concentration of ZnO nanoparticles (a) 0mgmL−1, (b) 0.1 mgmL−1, (c) 0.2 mgmL−1, (d) 0.5 mgmL−1,
(e) 1mgmL−1 (f) 1.5 mgmL−1 (g) 2 mgmL−1 and (h) 5mgmL−1.
Fig. 5. The (a) surface and (c) cross-section FESEM images with (b and d)
elemental mappings, and (e) EDS spectrum of CH3NH3PbIxCl3-x:ZnO
(1.5 mgmL−1) ﬁlms.
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3.3. The role of CH3NH3PbI3-xClx:ZnO bulk heterojunction
There is no doubt that ZnO can improve the optoelectronic perfor-
mance of PSC devices. However, Some previous reports claim that ZnO
can react with perovskite and result in the degradation of perovskite
ﬁlm [53,54], because hydroxide on the surface of ZnO could destroy the
crystal structure of perovskite. In this study, the problem can be solved
very well. Before the ZnO nanoparticles are mixed into the perovskite
ﬁlm, they are dispersed in the N, N-dimethylformamide (DMF) solution.
As shown in Fig. S8a-b, before being dispersed in the DMF solvent, ZnO
nanoparticles can be seen in the XPS spectrum that the O1s orbital peak
is formed by the superposition of the peaks of O2− and OH−. However,
after the ZnO nanoparticles are dispersed in the DMF solvent, no peak
of OH− is seen in the XPS spectrum. Hydroxy radicals that may be
present on the surface of ZnO are reacted by DMF [55], so the per-
ovskite crystals can hardly be destroyed. The solubility of ZnO in DMF
is limited, thus ZnO nanoparticles are adsorbed on the surface of
CH3NH3PbIxCl3-x crystals, or are encased in the bulk of CH3NH3PbIxCl3-
x crystals. The TEM micrographs of ZnO nanoparticles and
CH3NH3PbIxCl3-x:ZnO are shown in Fig. 6a–d. The ZnO nanoparticles
with the size of about 40 nm (red dotted line) have been found in
CH3NH3PbIxCl3-x crystals (Fig. 6b), which is in accordance with the EDS
elemental analysis. The lattice spacings of ZnO and CH3NH3PbIxCl3-x
are 0.247 nm and 0.625 nm, respectively, which correspond to the
(101) crystal plane of ZnO and the (110) crystal plane of
CH3NH3PbIxCl3-x (Fig. 6d).
The PL of CH3NH3PbI3-xClx, CH3NH3PbIxCl3-x/PCBM,
CH3NH3PbIxCl3-x:ZnO (1.5mgmL−1) and CH3NH3PbIxCl3-x:ZnO
(1.5 mgmL−1)/PCBM ﬁlms on glass substrates are gauged through
400 nm laser. As shown in Fig. 7a, all of four ﬁlms exhibit the same
photoluminescence peak position of 763 nm, which indicates that the
PL is determined by the band gap of perovskite. The PL intensity of the
CH3NH3PbI3-xClx:ZnO ﬁlm is much weaker than that of CH3NH3PbIxCl3-
x ﬁlm without ZnO nanoparticles, implying that the bulk heterojunction
does exist in the CH3NH3PbI3-xClx:ZnO ﬁlm. The CH3NH3PbI3-xClx:ZnO
bulk heterojunction in the perovskite ﬁlm makes the generated exciton
reach heterojunction interface through a very short transmission path,
thereby dramatically improving the eﬃciency of charge separation. The
steady state PL intensity of the CH3NH3PbI3-xClx:ZnO ﬁlm is not com-
pletely quenched, manifesting that ZnO nanoparticles in CH3NH3PbI3-
xClx:ZnO ﬁlm is not suﬃcient for charge separation of the excitons or
electron transport. Therefore the PCBM electron transport layer ﬁlm is
spin-coated on the surface of the CH3NH3PbI3-xClx:ZnO ﬁlm. The PL
quenching eﬃciency [56] of CH3NH3PbIxCl3-x, CH3NH3PbIxCl3-x/
PCBM, CH3NH3PbIxCl3-x:ZnO (1.5mgmL−1) and CH3NH3PbIxCl3-x:ZnO
(1.5mgmL−1)/PCBM ﬁlms are listed in Table 1. CH3NH3PbIxCl3-
x:ZnO/PCBM ﬁlm shows the highest quenching, which is well reﬂected
in the photovoltaic performance of devices made implying this layer. To
exclude the possibility that the complete PL quench results from the
charge carrier recombination brought about by the defect at the
CH3NH3PbIxCl3-x:ZnO/PCBM, the charge injection/separation behavior
of the CH3NH3PbIxCl3-x/PCBM and CH3NH3PbIxCl3-x:ZnO/PCBM is
compared. The time-resolved PL decay of CH3NH3PbIxCl3-x/PCBM and
CH3NH3PbIxCl3-x:ZnO/PCBM ﬁlms on glass substrates are measured
and shown in Fig. 7b. The decay curves of two ﬁlms are ﬁtted by a
double exponential function. The CH3NH3PbIxCl3-x:ZnO
(1.5mgmL−1)/PCBM ﬁlm exhibits a reduced PL lifetime of 63 ns,
compared with the CH3NH3PbIxCl3-x/PCBM ﬁlm (127 ns). The PL
quenching of CH3NH3PbIxCl3-x:ZnO/PCBM ﬁlm is faster than that of
CH3NH3PbIxCl3-x/PCBM ﬁlm, indicating a faster transfer of charge
carrier from CH3NH3PbIxCl3-x:ZnO ﬁlm to PCBM ﬁlm. This further in-
dicates that the charge injection from CH3NH3PbIxCl3-x:ZnO to PCBM
ﬁlm is more eﬃcient than that from CH3NH3PbIxCl3-x to PCBM ﬁlm,
resulting in a major enhancement in the charge extraction of PSCs.
Carrier dynamics of PSCs is further studied by using transient
photocurrent and transient photovoltage technique [57,58]. The tran-
sient photovoltage decay measurements of two devices can be observed
in Fig. 7c. The photocurrent delay time of the device with
CH3NH3PbIxCl3-x:ZnO is shorter than that of the one with
CH3NH3PbIxCl3-x, suggesting that the electron carrier extraction ability
Fig. 6. The TEM images of ZnO nanoparticles (a and c), the images of CH3NH3PbIxCl3-x:ZnO (b and d). The lattice spacings of (101) crystal plane of ZnO and (110)
crystal plane of perovskite are measured and marked.
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of the former is better, thus the results matches well with the steady-
state PL and time-resolved PL results. In addition, Fig. 7d shows tran-
sient photovoltage decay measurements of two devices made using
CH3NH3PbIxCl3-x and CH3NH3PbIxCl3-x:ZnO active layers. The lifetimes
are represented in single exponential ﬁtting of decay curves of per-
ovskite reference and integrated devices. The photovoltage decay
curves of two devices are ﬁtted by a single exponential function. The
photovoltage decay of the device with CH3NH3PbIxCl3-x:ZnO is slower
than that of the one with CH3NH3PbIxCl3-x, resulting in a signiﬁcant
improved carrier lifetime and a decrease of charge carrier recombina-
tion velocity, which demonstrates that the carrier diﬀusion length has
been improved. The long carrier diﬀusion length results from high
charge collection eﬃciency, leading to high JSC of PSCs with
CH3NH3PbIxCl3-x:ZnO.
The photocurrent density of PSCs is largely determined by light-
harvesting eﬃciency, charge collection eﬃciency and charge injection/
transfer eﬃciency, which might be closely associated with carrier dif-
fusion length, conductivity of perovskite layer and carrier mobility.
According to the method mentioned above [59], the conductivity of
various perovskite ﬁlms is measured by putting the ﬁlm between ITO
and Ag electrodes. According to the equation: = ⋅σ R
L
S
1 , where σ, L, S and
R respectively represent conductivity, the thickness (300 nm) of per-
ovskite ﬁlm, area (0.0625 cm−2) of single Ag electrode and resistance
of perovskite ﬁlm. The conductivity of CH3NH3PbIxCl3-x and
CH3NH3PbIxCl3-x:ZnO (1.5 mgmL−1) ﬁlms can be calculated from the
IeV curves shown in Fig. 8a. The conductivity of CH3NH3PbIxCl3-x:ZnO
ﬁlm (0.014mS cm−1) is higher than that of CH3NH3PbIxCl3-x ﬁlm
(0.008mS cm−1). The electrical conductivity of the perovskite ﬁlm is
proportional to both the carrier mobility and carrier density. And it can
be represented by the equation =σ Neμ, where σ, N, e, and μ respec-
tively represent electrical conductivity, carrier density, elementary
charge and carrier mobility [60]. To investigate the impact of per-
ovskite ﬁlm with ZnO nanoparticles on the charge carrier density of
PSCs, CeV characteristics of the devices are measured (Fig. S9). The
carrier density N of the PSCs can be estimated by calculating the slope
of 1/C2 versus applied voltage graph by the equation:
= ( )N dV/d(1/C )A2 qεε 20 2 [61,62], where ɛ, ɛ0, A and C respectively re-
present the dielectric constant of the material, the permittivity of free
space, the area of the device, and the capacitance. It can be found that
the PSC with CH3NH3PbIxCl3-x:ZnO (1.5mgmL−1) ﬁlm has higher
Fig. 7. The steady-state PL spectra of CH3NH3PbI3-xClx, CH3NH3PbIxCl3-x/PCBM, CH3NH3PbIxCl3-x: ZnO (1.5mgmL−1) and CH3NH3PbIxCl3-x:ZnO (1.5 mgmL−1)/
PCBM ﬁlms on glass substrates. (b) The time-resolved PL spectra of CH3NH3PbIxCl3-x/PCBM and CH3NH3PbIxCl3-x:ZnO/PCBM ﬁlms on glass substrates. The (c)
transient photovoltage decay and (d) photocurrent of cells with CH3NH3PbIxCl3-x:ZnO (1.5mgmL−1) and CH3NH3PbIxCl3-x ﬁlms.
Table 1
PL quenching eﬃciency of CH3NH3PbIxCl3-x, CH3NH3PbIxCl3-x/PCBM, CH3NH3PbIxCl3-x: ZnO (1.5mgmL−1) and CH3NH3PbIxCl3-x: ZnO (1.5mgmL−1)/PCBM ﬁlms.
Sample CH3NH3PbIxCl3-x CH3NH3PbIxCl3-x/PCBM CH3NH3PbIxCl3-x: ZnO (1.5 mgmL−1) CH3NH3PbIxCl3-x: ZnO (1.5mgmL−1)/PCBM
PL intensity 17371 1631 4305 152
PL intensity quenching (%) 0 90.6 75.2 99.1
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carrier density compare with the PSC with CH3NH3PbIxCl3-x ﬁlm. The
perovskite ﬁlm with high carrier concentration facilitates the transport
of charge in the PSC device. The devices with the structure of ITO/
Perovskite (300 nm)/PCBM/Ag are fabricated to probe into the elec-
trical properties of perovskite ﬁlms. The electron mobility of
CH3NH3PbIxCl3-x and CH3NH3PbIxCl3-x:ZnO (1.5 mgmL−1) ﬁlms has
been measured via a space-charge limited current (SCLC) model [63].
Fig. 8b gives a full description of the typical double logarithmic J-V
characteristics of two devices. The J-V curves make it even clear that
the presence of ZnO nanoparticles in perovskite ﬁlms can lead to a
remarkable improvement in electron mobility which ultimately leads to
the eﬃcient electron transport properties.
4. Conclusion
In summary, the novel-technique and high-performance inverted
plane PSCs with CH3NH3PbI3-xClx:ZnO bulk heterojunction have been
prepared by adding ZnO nanoparticles to CH3NH3PbI3-xClx precursor
solution. The ﬁne tuning of concentration of ZnO nanoparticles within
CH3NH3PbI3-xClx lead to the improved perovskite ﬁlm quality as seen
from XRD, UV–visible and XPS measurements. The improved perovskite
ﬁlm quality shown improved electron mobility and charge extraction as
seen from steady state and time resolved PL measurements. As the re-
sults of this PSCs with PCE of 17.26% (hysteresis-free) with a re-
markably high ﬁll factor and short current density, when 1.5 mgmL−1
ZnO nanoparticles are added to CH3NH3PbI3-xClx precursor solution. An
excellent photoelectric property of the PSCs based on the CH3NH3PbI3-
xClx:ZnO bulk heterojunction is mainly attributed to the high con-
ductivity and electron mobility of CH3NH3PbI3-xClx:ZnO ﬁlm. A brand
new method of improving optoelectronic properties of PSCs via bulk
heterojunction structure composed of perovskite and inorganic matter
has been provided in this paper.
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